To evaluate the changes in aqueous humor dynamics and the efficacy and safety of the iStent (Glaukos Corp., Laguna Hills, CA), in combination with cataract surgery. METHODS. This investigation was a prospective, randomized, clinical study in patients with open-angle glaucoma or ocular hypertension who were undergoing cataract surgery. Aqueous flow (F) and trabecular outflow facility (C T ) were measured by fluorophotometry before surgery and at months 1, 6, and 12 in both groups. RESULTS. Thirty-three eyes of 33 patients were randomized to either two stents and cataract surgery (n ϭ 17, group 1) or cataract surgery alone (n ϭ 16, group 2). Before surgery, F and C T were similar in groups 1 and 2 (1.78 Ϯ 0.44 and 1.74 Ϯ 0.82 L/min, P ϭ 0.18; 0.12 Ϯ 0.03 and 0.13 Ϯ 0.06 L/min/mm Hg, P ϭ 0.71, respectively). After surgery, there were no changes of note in F, however, C T increased in both groups. At 1 year, C T was 0.45 Ϯ 0.27 L/min/mm Hg in group 1 and 0.19 Ϯ 0.05 L/min/mm Hg in group 2 (P ϭ 0.02), which represented increases of 275% and 46%, respectively. Mean IOP reduction was also greater in group 1 than in group 2 (6.6 Ϯ 3.0 mm Hg vs. 3.9 Ϯ 2.7 mm Hg; P ϭ 0.002). The mean number of medications was significantly lower in group 1 than in group 2 (0.0 vs. 0.7 Ϯ 1.0, respectively; P ϭ 0.007). CONCLUSIONS. Compared with cataract surgery alone, implantation of the iStent concomitant with cataract extraction significantly increased trabecular outflow facility, reduced IOP, and reduced the number of medications at 1 year. Longer follow-up is needed to assess the long-term effect on outflow facility. (ClinicalTrials.gov number, NCT00326066.) (Invest Ophthalmol Vis Sci.
MATERIALS AND METHODS
Between January and June 2006, 33 eyes of 33 patients with POAG or ocular hypertension (OHT), who were recruited from the San Carlos Clinical Hospital's Department of Glaucoma, were included in this prospective, randomized, clinical evaluation. The study's protocol was approved by the San Carlos Clinical Hospital's Ethics Committee on Clinical Research, and the methods described adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from all participants before they were included in the study.
Each subject underwent a comprehensive ophthalmic examination, including review of medical history, best corrected visual acuity, slit lamp biomicroscopy, Goldmann applanation tonometry, gonioscopy, dilated funduscopic examination, and standard automated perimetry (Octopus 301 G1, tendency oriented perimetry algorithm [TOP [3] [4] [5] ]; Haag-Streit AG, Köniz, Switzerland). Eligible eyes were required to have a medicated IOP Ͼ17 and Ͻ31 mm Hg and an IOP Ͼ21 and Ͻ 35 mm Hg after appropriate washout of hypotensive medications. Additional requirements were a cataract eligible for cataract surgery and visual acuity worse than 20/40. Table  1 shows the complete list of the inclusion and exclusion criteria. The patients were classified in groups according to the visual field findings and the staging system proposed by Mills et al. 6 using the conversion method of Zeyen. 7 Eligible patients were randomly assigned to one of the two treatment groups, with a computer-generated sequence: group 1 received two iStents and underwent cataract surgery, and group 2 underwent cataract surgery alone.
Baseline and follow-up visits included best corrected visual acuity, slit lamp biomicroscopy, IOP measurement (baseline, days 1, 2, and 7-14 and months 1, 3, 6, and 12 after surgery), gonioscopy and goniophotography (before surgery and months 1, 6 , and 12 after surgery), dilated funduscopic examination, measurement of aqueous flow (F) and trabecular outflow facility (C T ) by fluorophotometry (Fluorotron Master; Coherent, Palo Alto, CA; before surgery and months 1, 6, and 12 after surgery), standard automated perimetry (Octopus 301 G1, TOP; Haag Streit), and anterior chamber study (anterior chamber volume [ACV], anterior chamber distance [ACD] , and anterior chamber angle [ACA]; Pentacam; Oculus Optikgeräte GmbH, Wetzlar, Germany).
All postoperative evaluations, except for the gonioscopies/goniophotographs (JMC), were performed by the same examiner (YFB), who was masked to the type of surgery performed.
All patients using ocular hypotensive medication during follow-up were subjected to a washout period before the fluorophotometry measurements, in accordance with the established treatment. At 11 AM, the patients received 0.25% fluorescein and 0.4% benoxinate HCl eyedrops (Fluotest; Alcon Laboratories, Fort Worth, TX), 1 drop every 2 minutes for 30 minutes. The subjects reported to the hospital at 3:30 PM the same day. Five measurements were made at 30-minute intervals from 3:30 PM to 5:30 PM. 8, 9 F was calculated according to the method of Jones and Maurice, 10 as modified by Yablonski et al. 11 C T was obtained from the equation
where F in is the total inflow of aqueous humor; F out is the outflow of aqueous humor; F in ϭ F out ϭ F ϭ K o ϫ V a (where, K o is a coefficient that refers to the outflow of fluorescein from the anterior chamber, and V a is the anterior chamber volume); P ev is episcleral pressure; and F u is uveoscleral aqueous flow. If F u is assumed to be negligible 12 
This assumption 13 may have introduced a certain systematic error into the calculation of C T in both groups. P ev was assumed to be 10 mm Hg. 14 The iStent is manufactured of titanium and is heparin coated (Duraflo powder; Duraflo, Indianapolis, IN). It is L-shaped, measures 1 ϫ 0.33 mm with a nominal snorkel bore diameter of 120 m and is designed to fit within Schlemm's canal. The tip of the stent allows penetration through the meshwork during insertion. Three retention ridges along the half-pipe portion securely place the microbypass in Schlemm's canal. The weight of the stent is less than 0.1 mg. The stent is preloaded in a 26-gauge insertion device. The tip of the inserter advances through the trabecular meshwork and into Schlemm's canal, leaving the proximal end of the stent visible in the anterior chamber. 40 ALT, laser trabeculectomy; SLT, selective laser trabeculectomy; PRK, photorefractive keratectomy; RK, radial keratectomy; LASIK, laser in situ keratomileusis; LASEK, laser subepithelial keratomileusis.
All surgeries were performed by two surgeons (JGF, JMC). In all cases, topical anesthesia was used (1 mg/mL tetracaine chloride and 4 mg/mL oxybuprocaine chloride; Colicursí Anestésico Doble; Alcon Cusí, Barcelona, Spain) as was intracameral anesthesia (0.2 mL of 1% lidocaine chloride). Cataract extraction via phacoemulsification was performed through a temporal 2.8-mm corneal incision with an acrylic intraocular lens implanted in the capsular bag (XL StabiSKY; Carl Zeiss Meditec, Oberkochen, Germany). After IOL implantation, additional steps to implant two stents in the group 1 eyes were as follows: Acetylcholine was injected into the anterior chamber (1% acetylcholine Cusí; Alcon Cusí). Cohesive viscoelastic (Healon, 10 mg of NaHA; AMO Inc., Madrid, Spain) was used to maintain the anterior chamber during implantation of the iStents. Trabecular angle visualization was facilitated by rotating the patient's head 45°, and a Swan-Jacobs gonioprism was used. The first stent was implanted in the lower nasal quadrant midway between the 5 and 6 o'clock positions in the right eye and midway between 6 and 7 o'clock in the left eye. The second stent was implanted in the upper nasal quadrant, midway between the 2 and 3 o'clock positions in right eyes and midway between 9 and 10 o'clock in left eyes. Once the stents were implanted, the viscoelastic was aspirated, and the corneal incision was hydrated.
All the patients were subjected to a washout period before surgery; the ocular hypotensive medication was reintroduced after surgery according to the criteria of the investigator. Patients on hypotensive medication in the fluorophotometry study were subjected to a washout period before the preoperative fluorophotometry and throughout follow-up.
Statistical Analysis
Because of the small study sample, continuous variables, expressed as the mean Ϯ SD, were analyzed with the Mann-Whitney nonparametric test. Categoric variables were compared by means of 2 analysis. Temporal changes in postoperative IOP, aqueous outflow facility, and aqueous humor flow rate were compared by repeated-measures analysis of variance (MANOVA) or the nonparametric Friedman test. The null hypothesis was rejected in each statistical test when P Ͻ 0.05 (statistical analyses: SPSS software ver. 12.0 for Windows; SPSS Inc., Chicago, IL; and MedCalc, ver. 7.3; MedCalc, Mariakerke, Belgium).
The sample size was calculated to detect a 0.3-L/min/mm Hg difference in the outflow facility with a power of 80%. For this, it was necessary to include 12 patients in each of the treatment groups. 15 Figure 1 is a flowchart of the patients during the study. Only one eye per patient was included. Before surgery, no differences in demographic characteristics were found between the two groups ( Table 2) .
RESULTS
A total of 34 iStents were successfully implanted in 17 patients in group 1. Sixty-two percent (21/34) of the stents were implanted on the first attempt, in 32% (11/34) of the cases a second attempt was required to correctly implant the iStent, a third attempt was needed in 6% (2/34).
Six of the 34 (18%) implanted stents appeared to be malpositioned. Implantation of three stents was too superficial and the stent axis was not parallel to the iris root. One stent was implanted too near to the first stent. One stent was tilted with approximately one third of the proximal end of the stent out of Schlemm's canal; it remained in this position during follow-up. The malposition of the stents was first observed during the first month of follow-up. No further complication occurred during the follow-up for these malpositioned stents. In the sixth case, the stent fell out of the trabecular meshwork during follow-up and remained lodged at the base of the iris. This stent caused no inflammation in the anterior chamber and/or a loss of endothelial cell density higher than expected after cataract surgery during the subsequent postoperative visits.
Before surgery, aqueous flow (F; group 1 versus group 2: 1.78 Ϯ 0.44 L/min vs. 1.74 Ϯ 0.82 L/min, respectively, P ϭ 0.18; Fig. 2 ) and outflow facility rates (C T ; group 1 versus group 2, 0.12 Ϯ 0.03 L/min/mm Hg vs. 0.13 Ϯ 0.06 L/ min/mm Hg; P ϭ 0.71) were similar in the two groups (Tables  3, 4) . After surgery, C T increased in both groups (C T at 12 months: group 1: 0.45 Ϯ 0.27 L/min/mm Hg versus group 2: 0.19 Ϯ 0.05 L/min/mm Hg; Fig. 3, Table 3 ), and increases were significantly greater in group 1 at the 6-and 12-month visits (P ϭ 0.04 and P ϭ 0.02, respectively). At the end of follow-up (12 months), C T was 0.45 Ϯ 0.27 L/min/mm Hg in group 1 and 0.19 Ϯ 0.05 L/min/mm Hg in group 2 (P ϭ 0.02), representing increases of 275% and 46%, respectively, with no significant changes between the two groups produced in F (P ϭ 0.26). F at 1 year was 2.94 Ϯ 1.52 L/min in group 1 and 2.12 Ϯ 0.74 L/min in group 2 (P ϭ 0.040 and P ϭ 0.546, compared with baseline, respectively). After surgery a statistically significant increase (P Յ 0.001) was found in ACV, ACD, and ACA in both groups (Table 5) . Statistically significant differences between the ACV, ACD, and ACA values were not seen at 1 and 6 months (P Ͼ 0.05). Table 6 summarizes the mean IOP and the mean number of glaucoma medications before and after surgery. Figure 4 shows the IOP over the course of follow-up in the two groups. Both groups started with similar preoperative IOPs (P ϭ 0.18). Commencing 1 month after surgery, the IOP reduction was significantly greater in group 1 (1 month: 8.1 Ϯ 4.0 mm Hg vs. 4.5 Ϯ 2 mm Hg, P ϭ 0.04; 3 months: 9.3 Ϯ 3.4 mm Hg vs. 5.1 Ϯ 3.1 mm Hg, P ϭ 0.009; 6 months: 9.3 Ϯ 4.1 mm Hg vs. 4.3 Ϯ 3.1 mm Hg, P ϭ 0.015; and 12 months: 6.6 Ϯ 3.0 mm Hg vs. 3.9 Ϯ 2.7 mm Hg; P ϭ 0.002). The mean number of ocular hypotension medications required was also significantly less in group 1, 6 months after surgery (Table 6) .
Finally, at 12 months, treatment was modified in five patients in group 2 who did not reach their target IOP. Two of the patients were given hypotensive medications, two restarted the ophthalmic medications that they had taken before the study, and one had a selective trabeculoplasty. In group 1, there were no changes in medications for any of the patients.
DISCUSSION
The presence of the iStent modifies the physiologic dynamic of the aqueous humor flow. Two hypothesis could be formulated. The first possibility is that all the aqueous flow is diverted through the outlets of the stents to flow circumferentially inside Schlemm's canal to the collector channels. The second possibility is that the aqueous flow uses both the stent and the highly resistant trabecular meshwork and inner wall of Schlemm's canal with subsequent limited circumferential flow through the canal. In both cases, the structural modifications produced by the stents and the changes in the physiological outflow drainage routes could alter the tissues involved in the outflow drainage system. In the 12-month follow-up session, outflow was significantly augmented in group 1. If we consider the increase noted in group 1 and subtract the increase noted in group 2 (that occurred as a result of cataract surgery alone) we can indirectly estimate the increase in the outflow facility due to the implantation of the two stents. We can then deduce that the implantation of the two stents induced a statistically significant increase in the aqueous outflow facility of 157% after 12 months of follow-up. Our results are congruent with the theoretical model developed by Zhou and Smedley, 16 which showed an estimated increase of 146% after the implant of the iStents. Similarly, Bahler et al. 17 reported an 84% increase in the outflow facility after implanting an iStent in normal enucleated eyes. The differences between the findings of these two earlier studies and the present study could be explained by differences in the methods (culture model and in vivo surgery) and by the inclusion in our study of eyes with glaucoma. Inclusion of glaucomatous eyes allows for a potentially greater distortion of the trabecular meshwork and a greater resistance to the aqueous outflow which may, in turn, provide a greater benefit on implanting the stents and overcoming meshwork and juxtacanalicular tissue resistance. Finally, the reduction in outflow facility observed in the group of patients who received the stent may be attributable to either a hypothetical increased resistance at the level of collector channels or to partial obstruction of the stents by inflammatory or pigment precipitates. In the scenario of a partially functioning trabecular meshwork, the reduced trabecular outflow facility may be attributable to both disease progression with increased resistance of juxtacanalicular tissue or/and to the partial obstruction of the stent.
Frequently, after microbypass implantation, a small blood reflux is observed through the stent, which positively indicates the correct placement of the implant within Schlemm's canal. Adequate surgical management of the reflux by rinsing and refilling of the chamber with viscoelastic to create tamponade should allow suitable visualization to implant the second stent uneventfully. In fact, improper positioning of several stents was probably due to decreased visualization because of blood reflux into the anterior chamber after the first implantation. Carefully rinsing the blood reflux before implanting the second stent and ensuring that the two stents are placed far enough apart would probably have reduced the chances that the second stent would be malpositioned. Although the IOP and fluorophotometry results were analyzed in the patients with both stents implanted correctly versus one implanted correctly, no differences were found between the two groups, perhaps because of the low number of patients.
The effect of cataract surgery on the aqueous outflow facility has been documented by various authors. Meyer et al. found, through tonography, a 71% increase in normal patients undergoing phacoemulsification. We noted an increase in group 2 (patients only having cataract surgery) of 46% from baseline values. Once again, the distinct characteristics of study populations (normal versus glaucomatous) could explain the differences found, assuming a smaller increase in the outflow facility in glaucoma patients due to lower functionality and the structural changes in their trabecular meshwork. 19 -22 With respect to efficacy, the iStent in combination with cataract surgery provided significant IOP reductions as well as a significant reduction in the need for concomitant medical treatment. Conversely, the mean IOP in group 2 was close to 20 mm Hg, suggesting that more medications should have been introduced over the course of follow-up to keep the IOP at a lower level in the cataract-only group.
There was a gradual increase in concomitant medications in group 2 at each planned study visit. In fact, in the last visit, five patients in group 2 were given additional medications, compared with none in group 1.
From the initial high postoperative values in the fluorophotometry study, we observed a decrease in F and C T in both groups during the follow-up. Cataract surgery caused changes to the anterior chamber in both groups that were taken into account in the postoperative fluorophotometry calculations. However, these changes are still a limitation of the study. These changes and the postoperative alteration of the hematoaqueous barrier could bias the measurements, especially during the first follow-up months. 23 For this reason, the values obtained from the control group add a crucial perspective. In addition, the reduction in outflow facility observed in the group of patients who received the stent may be attributable to either a hypothetical increased resistance at the level of collector channels or to partial obstruction of the stents by inflammatory or pigment precipitates. In the scenario of a partially functioning trabecular meshwork, the reduced trabecular outflow facility may be attributable to both disease progression with increased resistance of juxtacanalicular tissue and/or to the partial obstruction of the stent.
Bahler et al. 17 found similar results when implanting iStents in normal enucleated eyes (IOP reductions of 9 mm Hg or 45% from baseline values). At 6 months, Spiegel et al. 24 reported an IOP decrease of 5.7 mm Hg from treated baseline and a decrease in the number of drugs from 1.5 to 0.5 after combined cataract surgery and the implantation of one stent. The implantation of two iStents could explain the improved results in our study. In a similar population of patients who are nonresponsive to glaucoma treatment and who had cataract surgery and one iStent, Martinez de-la-Casa et al. Several publications show that cataract surgery could play a role in lowering IOP as observed in group 1. Even though it has only been demonstrated with grade C scientific evidence, 25 the IOP decrease after isolated cataract surgery in patients with POAG is estimated to be between 2 and 4 mm Hg. 26, 27 In patients with POAG at 1 year after cataract surgery, Merkur et al. 18 found pressure reductions of 1.9 mm Hg (11.5%); Shingleton et al. 28 reported reductions of 1.9 mm Hg (6.5%); Tong and Miller 29 found IOP reductions of 2.3 mm Hg (decrease of 13%); and Hayashi et al. 30 reported IOP reductions of 4.3 Ϯ 4.2 mm Hg (21%). Pöhjalainen et al. 31 reported a mean drop in intraocular pressure of 3.3 mm Hg after 3 years of follow-up in patients with open-angle glaucoma undergoing cataract extraction by phacoemulsification.
In this study, we found a pressure decrease in group 2 from preoperative baseline IOP of 3.9 mm Hg (16.3%), which could be related to the 46% increase in C T found 1 year after the cataract surgery. The opening of the iridocorneal angle and the increase in ACV after cataract surgery could partly explain this increase in C T (albeit probably transient) in patients with POAG and OHT. 32 In our study, we noted a significant increase in iridocorneal angle opening and in the volume and depth of the anterior chamber, similar to those reported by other authors. 29, 33 The results of this study demonstrate that the iStent, in combination with cataract surgery, induces a significant increase in the aqueous outflow facility that translates into a significant decrease in IOP in patients with POAG. These re- sults are compelling in the context of historical control and observational and theoretical models, even in light of the complexity of aqueous humor dynamics in vivo and the imprecision of existing diagnostic techniques. Our findings suggest that the iStent may play an increasingly meaningful clinical role in the management of OAG patients. Future studies with a greater number of patients and longer term follow-up are needed to confirm these results.
